Summary This study demonstrates real-world effectiveness of teriparatide in reducing the risk of hip and other fragility fractures. Fracture incidence significantly decreased as adherence and persistence increased for any clinical, vertebral, nonvertebral, and hip fractures among patients who were observed for 2 years after teriparatide initiation. Introduction Examine the relationship of treatment adherence and persistence to teriparatide with hip and other fractures. Methods Truven MarketScan Research Databases, 2004 through 2014, provided teriparatide users ≥18 years old with continuous coverage 12 months pre-and 24 months postteriparatide prescription. Adherence (medication possession ratio, MPR) groups were defined as high (≥0.80), medium (0.50 ≤ MPR < 0.80), and low (<0.50). Persistence, allowing for ≤90-day gaps between prescriptions, was defined as 1-6, 7-12, 13-18, and 19-24 months. Fracture incidence was summarized and compared by using ANOVA and logistic regression models; the effects of adherence were examined with Cox proportional hazard models with time-dependent covariates for teriparatide exposure. Results Among 14,284 teriparatide subjects, mean age was 68.4 years, 89.8% were female, and 29.6% had a fracture in the previous year; these characteristics were similar across MPR and persistence groups. The effects of adherence and persistence to teriparatide were statistically significant (P < .001) for all fracture types except wrist (P ≥ .125). By logistic regression, high vs low adherence was associated with reduced risk for any (OR = 0.67; P < .001); vertebral (OR = 0.64; P < .001); nonvertebral (OR = 0.71; P < .001); and hip fractures (OR = 0.52; P < .001) and longer (19-24 months) vs shorter persistence (1-6 months) was associated with reduced risk for any (OR = 0.63, P < .001); vertebral (OR = 0.56, P < .001); nonvertebral (OR = 0.69, P < .001); and hip fractures (OR = 0.48, P < .001). Cox models revealed a significantly reduced risk between high and low adherence for any (OR = 0.69, P < .001); vertebral (OR = 0.60, P < .001); nonvertebral (OR = 0.77, P < .001); and hip fractures (OR = 0.55, P < .001). Conclusion Fracture incidence significantly decreased as persistence and adherence to teriparatide increased.
Introduction
In the USA, osteoporosis is an important health concern in the population of approximately 54 million people over the age of 50 [1] and is characterized by reduced bone mineral density (BMD), deterioration in bone microstructure, and increased risk of fracture [2] . Osteoporosis is the primary underlying cause of fractures in the elderly and contributes more than 2 million fractures each year [3] . Fracture incidence increases with age for hip, vertebral, and most nonvertebral sites [4] . Total incident hip fractures are expected to increase with the aging of the population, even though recent studies suggest that hip fracture incidences show secular declines in the USA [5] , Canada [6] , and Europe [7, 8] 
or
Electronic supplementary material The online version of this article (doi:10.1007/s00198-016-3888-9) contains supplementary material, which is available to authorized users. may be leveling off [9] . In the USA from 2015 to 2025, the total annual number of incident fractures is predicted to rise by 21% (from 2.51 to 3.04 million), and total hip fractures are projected to increase by 26% (from 335,000 to 447,000), assuming constant incidence, or to increase by 16%, assuming declining incidence [3] .
Hip fractures are associated with increased risk of further fractures, increased morbidity and mortality, and profound temporary or permanent impairment of independence and quality of life [10] [11] [12] [13] [14] .
Teriparatide (parathyroid hormone [recombinant DNA origin]) stimulates new bone formation on trabecular and cortical bone surfaces by preferential stimulation of osteoblastic activity over osteoclastic activity. In humans, the anabolic effects of teriparatide are manifest as an increase in skeletal mass, an increase in markers of bone formation and resorption, and an increase in bone strength [15] [16] [17] . Teriparatide is approved for treating postmenopausal women with osteoporosis at high risk for fracture, for increasing bone mass in men with primary or hypogonadal osteoporosis at high risk for fracture, and for treating men and women with glucocorticoid-induced osteoporosis at high risk for fracture [18, 19] . Teriparatide has been shown to reduce the risk of vertebral and nonvertebral fractures in randomized clinical trials [15, 20] , in real-world observational studies [21, 22] , and in retrospective claims database studies [23] . However, real-world evidence is lacking on the effectiveness of teriparatide in reducing risk of hip fractures.
Proper adherence to medications is essential for achieving good outcomes [24] . Similar to adherence for other chronic therapies, adherence to osteoporosis treatments is suboptimal: more than half of patients failed to comply or persist with their medication regimens at 1 year [24] [25] [26] [27] [28] [29] . Teriparatide therapy persistence at 12 months has been reported to range from 57 to 77% [21, 23, 30, 31] .
Previous research on teriparatide adherence and persistence supports the hypothesis that longer duration and higher rates of adherence are associated with improved patient outcomes [20] [21] [22] [23] [32] [33] [34] [35] . Moreover, retrospective claims database studies have reported lower nonvertebral fracture incidence with longer exposures [23, 33, 34] . In the 2012 claims database study by Yu and colleagues, all-clinical, clinical vertebral, and nonvertebral fracture incidence were statistically significantly lower for more persistent and adherent patients than for those patients with the least persistence and worst adherence [23] . Because most studies of teriparatide have a relatively small number of fractures, additional information from a larger group of patients treated with teriparatide might be helpful to clarify the effects of teriparatide on fractures. Furthermore, previous studies have only examined the association between teriparatide exposure and fracture incidence and have not adequately evaluated the real-world effectiveness or possible causality of teriparatide in terms of reducing the risk of incident fractures. Therefore, our study extends Yu and colleagues' 2012 claims database study by using 11 years of on-market and more recent data to examine both the association and the real-world effectiveness of teriparatide treatment on the incidence of hip and other fractures in the United States.
Materials and methods

Data source
This study was conducted by using the Truven MarketScan Research Databases from 01 January 2004 to 31 December 2014.
Study population
The study population consisted of new teriparatide (parathyroid hormone [recombinant DNA origin]) users aged 18 years and older. New users were defined as having no pharmacy claims for teriparatide during the 12 months before the first prescription dispensed and at least 1 prescription filled for teriparatide. The date the first prescription was dispensed was defined as the index date, with the index teriparatide prescription occurring between 1 January 2005 and 31 December 2012. New users were required to have continuous medical and pharmacy coverage 12 months before and 24 months after the first teriparatide prescription was dispensed. Patients diagnosed with Paget disease were identified by International Classification of Diseases, 9th Revision, Clinical Modification (ICD-9-CM) code 731.0 and/or specific medication dosing (alendronate sodium 40 mg daily and risedronate sodium 30 mg daily) and were excluded from the study population.
Baseline patient characteristics, including age and gender, were recorded as of the date of the first teriparatide prescription. Clinical characteristics included assessments of health status, measured by the Deyo Charlson Comorbidity Index (CCI), whether a BMD test had been performed, and the number of fractures reported during the 12 months before the first teriparatide prescription. Confounding medications included osteoporosis medications (bisphosphonates, selective estrogen receptor modulator [SERM] , calcitonin, denosumab, and hormone therapy) and medications known to be associated with bone loss or risk of fracture (glucocorticoids, hormone deprivation therapy, anticonvulsants, and immunosuppressants) [26, 36, 37] . All baseline characteristics were used as covariates in the multivariate regression models. All covariates were categorical variables except age and Deyo CCI score, which were continuous variables.
Adherence and persistence
Medication adherence was measured by the medication possession ratio (MPR), defined as the sum of days of supply dispensed divided by the total number of days of the postindex period. An MPR greater than or equal to 0.80 was defined as high, 0.50 ≤ MPR < 0.80 was defined as medium, and <0.50 was defined as low adherence for osteoporosis medication [23] [24] [25] .
Medication persistence was measured as teriparatide use with gaps in treatment of less than or equal to 90 days, where the gap was measured from last date of therapy (date of last day of drug supply) to the beginning date of the subsequent therapy prescription. All patients without gaps in teriparatide of more than 90 days were considered Bpersistent.M edication persistence was calculated as a categorical variable, and patients were entered into 1 of 4 persistence groups: 1-6, 7-12, 13-18, and 19-24 months. Medication persistence categorical variables were used in the descriptive and multivariate regression analyses.
Fractures
New incident fractures were identified by a claims-based algorithm at the 3-digit level of an ICD-9-CM code (see Online Resource 1). Fracture sites were categorized as any, vertebral, nonvertebral, hip, and wrist. Pathological fractures were included on the basis of the recommendation by Curtis and colleagues from epidemiologic studies of osteoporotic fractures [38] . Fractures that occurred after 90 days from the index date were considered incident fractures to provide sufficient time for therapeutic effects from teriparatide to begin. The 90-day interval for onset of teriparatide effect is supported by work from Bonafede et al. using the same claims database [34] ; during the year prior to teriparatide, 25.6% of the patients had fragility fracture claims and this approximate rate of fracture continued during the initial 90 days of teriparatide, but was lower thereafter [34, 35] . Hip fractures were identified by fracture diagnoses from inpatient admission claims. Vertebral fractures were identified by spine imaging tests within 30 days of fracture diagnoses. Nonvertebral and other fractures were identified from the primary ICD-9-CM codes on inpatient or outpatient admission claims. Subsequent fracture diagnoses could be claimed if the new claim was >180 days from the original fracture.
Statistical methods
SAS version 9.2 (SAS Institute Inc., Cary, NC, USA) was used for analytic file construction and all statistical analyses. Descriptive statistics for baseline and clinical characteristics, medication use, and previous fracture history were reported for the total study population and by MPR and persistence groups. Mean and standard deviation were reported for continuous variables, and number and percentage were reported for categorical variables. Means were tested using analysis of variance (ANOVA); percentages were tested using chi-square tests.
Unadjusted fracture incidence per 1000 patient years (PYs) were reported by fracture type and compared using ANOVA. The association between teriparatide exposure, based on persistence and adherence categories, and incident fractures was evaluated by using logistic regression analyses performed by fracture type (any, vertebral, nonvertebral, hip, and wrist) for modeling the probability of fractures over 24 months, adjusted for MPR and persistence in a time-invariant manner, and baseline covariates. Odds ratios (OR), 95% confidence intervals, and associated P values were reported for all the variables included in the logistic regressions, as were the type III analyses of effects for categorical variables with more than two categories.
Real-world effectiveness of adherence to teriparatide therapy on particular fracture site risk, by fracture type (any, vertebral, nonvertebral, hip, and wrist), was analyzed with Cox proportional hazard models using time-dependent cumulative adherence of teriparatide (censored at time of first outcome fracture or 24 months), adjusting for occurrence of other fractures (yes/no) preceding the main fracture outcome and adjusting for all baseline covariates used in logistic regression models above. The dependent variable in each model was time to the first incident fracture, and patients' adherence levels (low, moderate, or high) were calculated from the index date in cumulative 30-day intervals. When a fracture occurred, the cumulative MPR for the period preceding the fracture was applied.
In real-world settings, a source of possible confounding is the Bhealthy adherer^effect or Badherence bias,^whereby patients who are more adherent to medications may differ in important health-seeking behaviors and other aspects that affect outcomes from those who are not adherent to their medications. This phenomenon may lead to biased estimates of treatment effects when health status and healthy behaviors are not measured and adjusted for in the analyses. Claims databases (including the Truven MarketScan Research Databases used in this study) have limited or insufficient measures of health status and healthly lifestyle behaviors. Therefore, we conducted diagnostic tests for potential healthy adherer bias using control outcomes hypothesized to be unrelated to osteoporosis or teriparatide's treatment effects [39, 40] . As proxy measures, differences in these outcomes between adherence groups would reflect underlying, unmeasured differerences in health status and/or healthy behaviors. The control outcomes or Bfalsification^endpoints used to test for differences by teriparatide persistence and adherence groups included the six most frequent hospital admissions (expected to be unrelated to osteoporosis or teriparatide's effects) during the post-index period (i.e., those with primary ICD- 
Results
There were 14,284 new teriparatide users aged 18 years or older reported in this study (Fig. 1) . The numbers of patients in the low-, medium-, and high-MPR groups were 5469 (38.3%), 2442 (17.1%), and 6373 (44.6%), respectively ( Table 1) . The numbers of patients in the 1-6, 7-12, 13-18, and 19-24 months persistence groups were 3916 (27.4%), 1968 (13.8%), 1842 (12.9%), and 6558 (45.9%), respectively (Table 2 ). Baseline characteristics included mean age 68.35 years, 89.8% female, and 29.6% had a previous fracture (Table 1 ). The baseline Deyo CCI score was significantly different across MPR groups, with scores higher (representing worse health scores) in the low-MPR group (1.09) than in the high-MPR group (0.90). The frequency of patients who had a BMD test prior to beginning teriparatide was significantly greater in the high-MPR group (85.0%) than in the low-MPR group (77.7%). Baseline glucocorticoid and anticonvulsant use was significantly more common in the low-MPR group (44.2 and 18.8%, respectively) than in the high-MPR group (37.9 and 15.1%), and baseline bisphosphonate and SERM use was more common in the high-MPR group (59.3 and 11.0%, respectively) than in the low-MPR group (43.2 and 8.4%, respectively) (all P < .001; Table 1 ). Similar baseline results were observed across persistence groups; Deyo CCI scores were highest in the 1-6-month persistence group (1.15), BMD test frequency was highest in the 19-24-month persistence group (85.0%), glucocorticoid and anticonvulsant use was most common in the 1-6-month persistence group (45.3 and 19.5%, respectively), and bisphosphonate and SERM use was most common in the 19-24-month persistence group (58.9 and 11.0%, respectively) (all P < .001; Table 2 ).
The mean (SD) exposure to teriparatide was 431.7 (260.2) days. The unadjusted incidence per 1000 PYs by MPR group for any clinical fracture ranged from 82.9 (low MPR) to 55.6 (high MPR). Fracture incidence per 1000 PYs by MPR group is displayed graphically in Fig. 2a . The unadjusted incidence per 1000 PYs by persistence group for any clinical fracture ranged from 91.2 (1-6 months) to 55.5 (19-24 months). Fracture incidence per 1000 PYs by persistence group is displayed graphically in Fig. 2b . The proportion of patients with one fracture or with multiple fractures generally decreased as MPR or persistence increased for all fracture types except wrist fracture (see Online Resource 5).
The results from the logistic regression models indicate that the effects of adherence and persistence were statistically significant (P < .001) for all fracture types except wrist fracture (P ≥ .125) (Table 3) . Furthermore, high adherence (MPR) was associated with significantly lower risk than low adherence for any fracture (O = 0.67; P < .001), vertebral fracture (OR = 0.64; P < .001), nonvertebral fracture (OR = 0.71; P < .001), and hip fracture (OR = 0.52; P < .001). High and medium adherence compared to low adherence was not associated with reduced risk for wrist fracture (Table 3) . Patients with longer persistence (19-24 months) were significantly less likely than patients with shorter persistence (1-6 months) to have any fracture (OR = 0.63, P < .001), vertebral fracture (OR = 0.56, P < .001), nonvertebral fracture (OR = 0.69, P < .001), and hip fracture (OR = 0.48, P < .001, Table 3 ).
In Cox proportional hazard modeling (Table 4) , the effect of adherence to teriparatide was statistically significant (P ≤ .002) for all fracture types except wrist fracture (P = .55). In addition, significantly lower risk was seen for any fracture (OR = 0.79, P = .001) and vertebral fracture (OR = 0.68, P < .001) for medium adherence than for low adherence and for any fracture (OR = 0.69, P < .001), vertebral fracture (OR = 0.60, P < .001), nonvertebral fracture (OR = 0.77, P < .001), and hip fracture (OR = 0.55, P < .001) for high adherence than for low adherence (see Online Resource 6 for a complete presentation of all factors in the model; these results were similar to those seen with the logistic regression).
After stopping teriparatide (a treatment gap of at least 90 days), use of osteoporosis medications other than teriparatide was 45.1% (31.8% bisphosphonate) in the 1 to 6-month group, 36.9% (23.8% bisphosphonate) in the 7 to 12-month group, 32.6% (20.5% bisphosphonate) in the 13 to 18-month group, and 14.6% (8.1% bisphosphonate) in the 19-24-month group. The control outcomes analyses revealed inconsistent evidence regarding potential healthy adherer bias. In two of the six hospital admission types, there were statistically significant differences in the incidence per 1000 PYs across the adherence and persistence groups (urinary tract infection), while coronary athlerosclerosis of native coronary artery had a statistically significant difference across persistence groups but not for adherence groups. However, even where statistically significant differences were found, the incidence patterns generally were not consistent across the exposure groups, as increases and decreases in incidence were observed with longer persistence. There were no statistically significant differences estimated in any of the analyses for pneumonia-organism unspecified, obstructive chronic bronchitis with acute exacerbation, atrial fibrillation, or unspecified septicemia (see Online Resource 2, 3, 4).
Discussion
Evidence of therapy benefits under real-world clinical conditions, or real-world evidence, is becoming increasingly important to payers and health care providers as the need to allocate scarce budgets more efficiently and to improve patient outcomes intensifies. The current study uses a real-world US claims database to examine the relationship between teriparatide adherence and persistence and hip and other fracture incidences. The results show fracture incidence decreased as adherence or persistence increased for any, vertebral, nonvertebral, and hip fractures.
Hip fracture is an important clinical end point for osteoporosis medications. In many smaller studies, the hip fracture end point has not been examined because of insufficient numbers of events. A recent review of teriparatide use reported increases in cancellous bone volume, improvement in bone architecture, and increases in cortical thickness associated with increased cortical remodeling [41] . Additionally, teriparatide 20 μg/day increased femoral neck and total hip BMD; the gains continued during ongoing treatment through 24 months [41] . The Direct Assessment of Nonvertebral Fractures in Community Experience (DANCE) study evaluated over 4000 men and women receiving teriparatide for 24 months who were then followed up for an additional 24 months after treatment [41, 22] . The incidence of patients experiencing a new nonvertebral fragility fracture was 1.42, 0.91, 0.70, and 0.81% for the 0-6-, 6-12-, 12-18-, and 18-24-month treatment periods, and this trend persisted after teriparatide treatment was discontinued [22, 41] . Hip fractures as a percentage of patients at risk decreased as treatment duration increased 0.27% (10/3720 patients), 0.067% (2/3010 patients), 0.15% (4/2629 patients), and 0% (0/2287 patients) for the 0-6-, 6-12-, 12-18-, and 18-24-month treatment periods [41] . In Yu and colleagues' study, hip fracture incidence appeared to decrease with longer exposure, though in multivariate models the association of teriparatide exposure and incidence did not reach statistical significance (persistence 1-6 vs 19-24 months: OR = 1.93; P = .08). Our study extends the work of Yu and colleagues by using a larger and more recent database and by applying Cox proportional hazard models with timedependent covariates for cumulative teriparatide exposure to show the effect of adherence to therapy on fracture incidence. Our study is the first to demonstrate real-world effectiveness of teriparatide in reducing the risk of hip and other fragility fractures in the USA.
The wrist has proven to be a difficult site for which to demonstrate reduced fracture risk in studies of osteoporosis because high forces are applied to the wrist as people brace themselves with their hands when falling, so it is common for people with healthy bones to experience wrist fractures. Clinical trials of osteoporosis drugs have shown inconsistent effects on wrist fractures or not reported this outcome [42] . Our study reveals an inconsistent reduction in wrist fractures by MPR and persistence categories using logistic and Cox regressions; statistical significance was not achieved. The fact that increased teriparatide adherence and persistence did not significantly reduce wrist fracture risk might relate to teriparatide increasing cortical remodeling [41] and decreasing bone mineral density at the radius [15] , although teriparatide increases cortical thickness [41] . Alternatively, the lack of significance might be due to an insufficient number of wrist fractures; future analyses with larger numbers of events may clarify the effect of teriparatide at this site.
The study's limitations include those typical when claims databases are used, including lack of randomization, potential miscoding of the fracture type or overestimating or underestimating the fracture incidences; use of algorithms whose validity and reliability have not been established to identify incident fractures; lack of information on clinical risk factors (e.g., limited medical history, no family medical history, lifestyle risk factors, no BMD T scores); and the inability to ascertain actual patient adherence (e.g., proper injections) to therapy. In observational studies examining osteoporosis P values for frequencies obtained from chi-square tests; P values for mean age and mean Deyo CCI scores obtained from ANOVA F test ANOVA analysis of variance, BMD bone mineral density, CCI Charlson Comorbidity Index, OP osteoporosis, SD standard deviation, SERM selective estrogen receptor modulator therapy adherence and healthy adherer bias, only limited evidence was found [39, 43] . In one study on Medicare patients, the association between high adherence with different medications (oral bisphosphonates, selective serotonine re-uptake inhibitors, angiotensin converting enzyme inhibitors, and calcium channel blockers) and fracture was examined to test for possible healthy adherer bias; and the authors concluded that the healthy adherer effect was limited [39] . Another study examined the potential for healthy adherer bias in elderly Medicaid patients in Pennsylvania by estimating the association between adherence to osteoporosis therapies (raloxifene, calcitonin, oral bisphosphonates) and subsequent vaccination and health care testing [43] . The authors reported there was limited evidence of a healthy adherer effect, although higher adherence with raloxifene was associated with higher fracture risk and was probably due to residual confounding in those patients [43] . In our study, we examined six separate control outcomes and found mixed results and thus did not detect any strong evidence of healthy adherer bias. Nevertheless, we cannot conclusively claim absence of healthy adherer effects or bias within our estimates, though any such impacts would appear to be minimal. The use of osteoporosis medications known to reduce fracture risk after stopping teriparatide may represent a bias against showing teriparatide effectiveness in this analysis. Additionally, claims for incident fractures, especially with respect to incident compression vertebral fractures may be incorrect, and misclassification of outcomes may also represent a bias reducing the association of adherence with fracture risk reduction [44] . In summary, teriparatide stimulates bone formation at the femur by histology, bone scan, and PET scan and has proven to increase femoral neck and total hip BMD [41, 45] . Clinical, observational, and claims database studies show fewer nonvertebral fractures (a composite end point including hip fractures) with longer teriparatide treatment than with shorter teriparatide treatment. The DANCE study and Yu and colleagues' claims database study show apparent decreases in numbers of hip fractures with longer than with shorter teriparatide treatment, although statistical significance was not reached in the Yu and colleagues study. Our study, with a larger sample of teriparatide-treated patients, confirms a A Analysis of variance (ANOVA) F-tests across medication possession ratio (MPR) groups showed significant differences for all fracture categories (p<.0001) except wrist (p=.169). An MPR greater than or equal to 0.80 was defined as high, 0.50 MPR <0.80 was defined as medium, and <0.50 was defined as low adherence for osteoporosis medication
B
Analysis of variance (ANOVA) F-tests across persistence groups showed significant differences for all fracture categories (p<.0001) except wrist (p=.424). Persistence was defined as conƟnuous use of teriparaƟde during the indicated Ɵme interval. 
Conclusion
This study is the first to demonstrate real-world effectiveness of teriparatide to reduce the risk of hip fractures along with other fragility fractures in the USA. Among teriparatide patients in a US claims database who were observed for 2 years after teriparatide initiation, fracture incidence significantly decreased as adherence and persistence increased for vertebral, nonvertebral, hip, and any clinical fractures.
